GWAS has been proven to be a powerful tool for detecting genetic variants associated with economically important traits such as production, 1,2 body conformation 3,4 and reproduction traits, 5 and diseases. 6 The objective of this study was to identify SNPs with significant association effects on body conformation traits in Chinese Holstein through the GWAS approach.
GWAS has been proven to be a powerful tool for detecting genetic variants associated with economically important traits such as production, 1,2 body conformation 3, 4 and reproduction traits, 5 and diseases. 6 The objective of this study was to identify SNPs with significant association effects on body conformation traits in Chinese Holstein through the GWAS approach.
The experimental population consisted of 445 Chinese Holstein cows, with parity no. 2, raised at four farms in Shandong province of China. Hair follicle samples were collected individually within four days in the same season. In total, 29 body conformation traits were analyzed by GWAS. There were 23 phenotypes measured individually on 1-9 scores, which were body height, height at front end, body depth, chest width, stature, angularity, rump angle (RA), pin width, loin strength, foot angle, heel depth, bone quality, rear legsside view, rear legsrear view, udder depth, udder texture, median suspensory, fore udder attachment, front teat placement, attachment height, attachment width (AW), rear teat placement and teat length. The remaining six functional body conformation traits, measured on 1-100 scores, were stature score, rump system score, feet and legs score, udder system score, mammary system score and conformation final score (FS). The definitions of these conformation traits for cattle are available on the website of Canadian Dairy Network (https://www.cdn.ca/articles.php). The summary statistics of these phenotypes are listed in Table S1 .
Each experimental animal was genotyped by the GGP BovineLD V3 SNP chip, containing 26 151 public SNPs. Because all of the animals in these study populations were female, the SNPs from the X chromosome were also counted. The data quality control procedure excluded individuals with more than 10% missing genotypes and SNPs with a call rate of less than 90%, MAF less than 3% or Pvalue of the Hardy-Weinberg Equilibrium test less than 1.0E À 6. Finally, 421 animals with 20 632 SNP genotypes were retained for the subsequent GWAS analysis. Physical map length, the number of SNPs and SNP density on each chromosome based on reference genome UMD3.1, before and after the data cleaning procedure, are shown in Table S2 . Results of pair-wise LD analysis of the 421 animals from four different farms showed high similarity of LD patterns among the whole population, indicating that similar breeding histories were shared by the four subpopulations (data not provided).
A fixed-effects linear regression model was used to carry out the GWAS according to a previous method. 7, 2 Bonferroni correction for the genome-wide significance and suggestive thresholds were computed to be 2.42E À 06 (= 0.05/20 632) and 4.85E À 05 (= 1/20 632), respectively.
The GWAS based on the mixed-effect linear regression model identified 79 SNPs with genome-wide significant (P < 0.05) association effects on 14 body conformation traits ( Table 1 , Table S3 ). Of these SNPs, 28 SNPs were found to be associated with RA, and 14 SNPs associated with FS (Table 1 , Fig. S1 ). We also found six single SNPs that were associated with multiple body conformation traits of dairy cow. These SNPs were BovineHD0600000461, BovineHD1900007686, ARS-BFGL-NGS-41612, Bovi-neHD1700010514, BovineHD3000037672 and ARS-BFGL-NGS-109467 (their detailed information is provided in Table S4 ). In this study, the DNA region from 44.6 to 65.4 Mb of chromosome 18 was identified to be associated with four different body conformation traits (AW, FS, mammary system score and RA) of dairy cows ( Table 2 , Table S3 ). This coincided with previously reported QTL or DNA regions associated with calving performance and udder traits of dairy cattle. [8] [9] [10] Among these SNPs, Hap-map57004-rs29011610, located near MON1B (MON1 secretory trafficking family member B) gene, were also found to be associated with length of productive life in Holstein cows. 11 ARS-BFGL-NGS-116541, which was located within the LIG1 (Ligase I) gene region, was reported to be associated with body weight at birth. 12 Similarly, DNA regions on chromosomes 21, 25 and X were also identified to be significantly associated with multiple body conformation traits ( Table 2 , Table S3 ). In particular, six SNPs in the small region from 57.55 to 57.62 Mb on the chromosome 21 were found to be associated with AW and FS in the study, and these SNPs were all located within or near the gene region of SLC24A4 (Table S5 ). Interestingly, SLC24A5 and SLC19A2, members of solute carrier family proteins with SLC24A4, were also found to be associated with RA and FS, respectively (Table 1) . Additionally, UA-IFASA-6670, located within the region of GABARAPL1 [GABA (A) receptor-associated protein like 1] gene, were found to be significantly associated with median suspensory in this study. It was reported previously to affect udder attachment and height. 13, 14 Also, BovineHD2200013812 was identified to have genetic effects on RA. This SNP was located within the CACNA1D (calcium channel alpha 1D subunit) gene region. Coincidentally, this SNP was also reported to be Chromosome 30 refers to X chromosome. 2 The distance from the SNP locus to the gene (unit: bp); D and U indicate that the SNP site is located downstream and upstream of the gene, respectively; 'Within' indicates that the SNP locus is located within the gene.
associated with the length of productive life and udder cleft. 14 In summary, a GWAS using linear statistical model was conducted on 29 body conformation traits in a Chinese Holstein cattle population, and 79 SNPs were found to have genome-wide-significant (P < 0.05) association effects on 14 body conformation traits. Among these significant SNPs, 74 of them are newly detected in this study, five have been reported in previous literature and 26 are located in genes and are worth further investigation to potentially identify the causative mutations underlying the QTL.
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Figure S1
Genome-wide plots of Àlog10 (P-value) SNP association effects on body conformation traits of rump angle (RA, a) and final score (FS, b) obtained by mixed-effect linear regression model. Table S1 Descriptive statistics of the 29 conformation traits used in the GWAS.
Table S2 Distribution of SNP markers by chromosomes before and after quality control. Table S3 The chromosomal distribution of significant SNPs associated with body conformation traits. Table S4 The SNPs identified associated with multiple body conformation traits of dairy cows. Background: In higher eukaryotes, impaired ribosome biogenesis and function can result in specific phenotypes, the so-called ribosomopathies. 1 In humans at least six ribosomopathies have been described, i.e. Diamond-Blackfan anemia (DBA), 5q-syndrome, Shwachman-Diamond syndrome, X-linked dyskeratosis congenita, Treacher Collins syndrome and cartilage hair hypoplasia. 1,2 DBA belongs to a rare group of disorders known as inherited bone marrow failure syndromes. 3 DBA7 is caused by variants of the 60S ribosomal protein L11 gene (uL5, formerly RPL11). [4] [5] [6] So far naturally occurring uL5 defects have only been described in humans. Owing to the role of uL5 in ribosome biogenesis and its association with fatal ribosomopathies, we addressed the question whether lethal uL5 variants exist in cattle. Several deleterious variants have been identified, including a 2 bp deletion resulting in a frameshift and premature stop (ENSBTAG000000 20905:g.129,195,922_129,195,923del; ARS-UCD1.2; rs381576999). To monitor this variant a probe located on BTA2 between positions 129 195 924 and 129 195 973 (ARS-UCD1.2) has been included as an expert-selected marker in the custom add-on part of the BovineLD BeadChip (Fig. 1 ).
Variant detection:
The presence of the deletion was tested in 370 527 cattle, including British Angus, Charolais, Braunvieh, Belted Galloway, Simmental, Dexter, German Black Pied cattle, Gelbvieh, Hereford, Limousin, Red Holstein, German Red, Holstein, Shorthorn, Uckerm€ arker, Wagyu, Welsh Black and Belgian Blue. We found 299 218 homozygous wt and 71 249 apparently heterozygous cattle but no homozygous carriers. 7 A complete cluster separation and high GC scores of the uL5 SNP excluded any technical bias by the chip-based genotyping method. However, we did not detect the putative deletion by Sanger sequencing of PCR-amplified uL5 gene segments in 10 randomly chosen heterozygous cattle (primer sequences are listed in Table S1 ). In addition, the BeadChip probe matches almost perfectly (49/50 nucleotides) to a processed uL5 pseudogene on BTA18 (LOC112442347; position 54 982 088-54 982 687). Sequencing of a PCR fragment of this pseudogene (primer sequences are listed in Table S1 ) from an individual scored as heterozygote revealed the 2 bp deletion of rs381576999 ( Fig. 1) . To verify the indel within uL5 and its processed pseudogene, 1323 (uL5) and 346 (pseudogene) random cattle samples were genotyped using FRET 8 (primer sequences are listed in Table S1 ). None of the 1323 individuals analyzed carried the deletion in uL5, whereas all 346 cattle were homozygous carriers of the deletion in the pseudogene. In order to further prove the suspected genotyping error by the pseudogene, we interrogated the genomic region for the presence of a haplotype with correlation to the chip data. A total of 82 014 samples were used, where 54 SNPs around uL5 (AE1.5 Mb up-and downstream) were phased using BEAGLE (version 3.32) 9 omitting position rs381576999. No haplotype with a significant correlation to the rs381576999 chip-genotype nor any suspected lethal haplotype could be established (Fig. S1 ).
Comments:
We conclude that there is currently no evidence for the existence of the rs381576999 indel in the functional uL5 gene or in its pseudogene on BTA18. Instead, our results suggest that the deletion has been fixed in the
